The kinetics and thermodynamics of berberine inclusion in cucurbit [7]uril was studied by 
Introduction
The encapsulation of organic compounds in cucurbiturils (CBn), a class of cavitands comprised of glycoluril units linked by methylene groups, has received considerable attention because of its many analytical, catalytic, biological, pharmaceutical and material science applications. [1] [2] [3] [4] [5] [6] [7] [8] To design tailor-made functional supramolecular systems, it is important to know the main factors influencing the rate of self-assembly and the response time to external stimuli. 9 The effect of guest molecular structure on the binding affinity has been extensively studied 10 but less information is available on the kinetics of inclusion. 1, 11 The entry and exit processes were examined predominantly with cucurbit [6] uril (CB6) because the tight portals of this macrocycle slow down the exchange between bound and free guests often enabling the observation of the kinetics by NMR spectroscopy. 12, 13 Because of the low solubility of CB6 in water all studies of the binding dynamics were carried out in the presence of large amount of salt or acid. A correlation was found between the rate of inclusion complex formation and the size of alkylammonium guests. 13 Kinetic measurements indicated that 4-methylbenzylammonium produces with CB6 not only inclusion but also exclusion complexes. 14 In the latter, the ammonium group interacts with one of the polar portals of the host and the aromatic moiety extends into the solvent. The equilibrium for the inclusion of protonated cyclohexylmethylamine in CB6 was reached only after several days, whereas the rates of ingression and egression were much faster for the unprotonated amine. 15 On the basis of systematic studies, Nau revealed the mechanistic details of the confinement in CB6.
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linked to an ammonium moiety. 18 The encapsulation of both end groups in CB7 catalyzed the conversion from the ferrocenyl-embedded into the thermodynamically more stable adamantyl-included forms. The sliding of CB7 over an ammonium moiety was found to be energetically unfavorable. In a system comprising four components, different complexes were detected immediately after mixing the reactants, when the kinetics of inclusion controls the composition of the products, and in thermodynamic equilibrium. 19 More than 9 orders of magnitude slower egression of cyclohexane-1,4-diammonium was observed from CB6 than from CB7, while the rate constant of the complexation was 5×10 11 -fold smaller in the former case. 19 The fast inclusion of guests in CB7 cavity is difficult to study. Bohne and coworkers used the competitive binding of Na + or H 3 O + cations in their comprehensive study to decelerate the confinement of R-(+)-2-naphthyl-1-ethylammonium in CB7 into the timescale measurable by stopped-flow technique.
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To the best of our knowledge, only three papers provide information on the dynamics of complexation with CBn in neat water, 16, 20, 21 even though experiments in the absence of salt or acid give more reliable kinetic parameters. In acidic or saline solutions, the competitive binding of cations has to be taken into account, and the uncertainties in the equilibrium constant and in the rate constants for the cation interaction with CBn affect the results.
Moreover, the lack of Arrhenius parameters for the association of CBn with metal cations or H 3 O + precludes the evaluation of the temperature dependent measurements in salt and acid solutions. It is also unknown whether the number of cations coordinated to CBn changes with temperature. Ternary complex formation between cation and inclusion complex may also lead to complications. Therefore, our main objective was to systematically examine the kinetics of inclusion in CB7 in neat water and to reveal whether the encapsulation of the guest is a single step process or any intermediate can be detected. To slow down the fast bimolecular association with the host low concentration of reactants should be employed. Thus, the high fluorescence quantum yield of the inclusion complex is a great advantage for reaching good signal to noise ratio when the binding is followed in real time. The ideal guest is practically nonfluorescent in water, but strongly emits in the cavity of CB7. We wanted to avoid the involvement of acid-base equilibrium, hence a guest without protonable or deprotonable moiety was sought. Photochemical stability and sufficient solubility in water were also essential.
Berberine (B + ), a clinically important isoquinoline alkaloid meets all these requirements. Its fluorescent behavior is very sensitive to the microenvironment. 22-24 About 500-fold fluorescence intensity enhancement was observed upon its inclusion in CB7. 25 In the present work, we exploit the favorable properties of B + to detect the complexation dynamics with CB7 after the fast mixing of the components with stopped-flow method. The formulas of the investigated substances are given in Scheme 1.
Scheme 1 Chemical structure of the studied compounds
Experimental Methods
Berberine chloride (Sigma) was chromatographed on silica gel (Merck) column eluting with ethanol. High purity CB7 was kindly provided by Dr Anthony I. Day (University of New South Wales, Canberra, Australia). Water was freshly distilled three times from dilute 
Results and Discussion
Complex formation at 283 K B + has negligible emission in water, 27 but fluoresces in the 440-700 nm domain with a quantum yield of 0.23 in the nonpolar cavity of CB7. 25 Therefore, the fluorescence intensity change directly reflects the alteration of the 1:1 B + −CB7 complex concentration. The singletexcited B + is not released from the host because its lifetime in CB7 (11.6 ns) 23 is much shorter than the rate of egression. Figure 1 shows the fluorescence intensity vs. time traces at In the case of a simple binding equilibrium, the kinetics of B + −CB7 complex formation is defined as follows:
where ݇ ା and ݇ ି denote the rate constants for complexation and dissociation 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 To confirm the derived rate constants, equimolar solutions of B + and CB7 were diluted to 0.16 µM by adding water in a stopped flow apparatus. 
Determination of thermodynamic parameters
The fluorescence titrations of B + with CB7 were repeated at various temperatures (T) to gain insight into the factors controlling the thermodynamics of the reversible binding. From the K values the enthalpy (∆H) and entropy change (∆S) of inclusion complex formation were calculated on the basis of the relationship:
where R is the gas constant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 352 K. The nonlinear least-squares fit of the experimental data results in ∆H = −37±2 kJ mol −1 and ∆S = 17±6 J mol
indicating that the embedment in CB7 macrocycle is an enthalpy controlled process.
To verify the derived thermodynamic parameters isothermal titration calorimetry (ITC) method was used, which directly measures the evolved reaction heat. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and ∆H = −38±2 kJ mol 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
The calculated activation energies (E a ) and A-factors for the B + ingression into CB7 and the 69±2 kJ mol 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 dissociation of the inclusion complex are listed in Table 1 , whereas the Arrhenius plot of the experimental and calculated data are presented in Figure 6 . formation, the meaning of Arrhenius parameters can be rationalized on the basis of the transition state theory from which the Eyring-Polanyi equation was derived:
where k B , h, ∆S ‡ , and ∆Η ‡ stand for the Boltzman and Planck constants, standard entropy and enthalpy of activation, respectively. The transmission coefficient (κ) is usually taken as unity. From the comparison of eqs 3 and 4 the following relationships can be deduced:
The standard ∆H ‡ and ∆S ‡ values calculated using these formulas are included in Table 1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sensitivity. The large fluorescence intensity change upon embedment in CB7 permitted the use of dilute solutions in which the bimolecular inclusion is sufficiently slow to follow the kinetics in neat water.
We did not observe any evidence for intermediate formation in accordance with
Bohne and coworkers' results on R-(+)-2-naphthyl-1-ethylammonium confinement in CB7.
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When CB6 served as a host, a simple equilibrium was inadequate to rationalize the binding kinetics of organic ammonium cations. [14] [15] [16] [17] Yu and coworkers found that the dissociation of neutral guests occurs in one step from CB7, but ammonium cyclohexyl derivatives egress in multi-step processes. 29 The hydrophobic, ion-dipole and hydrogen bonding interactions are the strongest in different guest positions in CB7. The mismatch of these three interactions was suggested to cause the fast exchange between free and CB7-bound guests. 29 Nau and coworkers proposed on the basis of a comprehensive mechanistic study of the inclusion in CB6 that first an exclusion complex is produced by the coordination of the ammonium group to the negatively charged portal, and the organic moiety pivots into the cavity in a second step retaining the interaction with the macrocycle rim. 15 Such a flip-flop mechanism cannot take place with B + due to its bulkiness and the lack of a hydrogen bond donor site which could contribute to the stabilization of the exclusion complex. Moreover, its delocalized positive charge and hydrophobic character may render the exclusion complex formation energetically unfavorable.
NMR measurements and quantum chemical calculations have shown that the methoxy-isoquinoline moiety of B + is embedded in CB7, and the heterocyclic nitrogen is located in the vicinity of a carbonyl-fringed portal, whereas the benzodioxole part remains outside the macrocycle. 25 Although hydrophobic and charge-dipole host-guest interactions contribute to the stabilization of the inclusion complex, the strongly negative binding enthalpy (Table 1) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 hydrophobic core of the macrocycle. 30, 31 CB7 contains on average 7.9 water molecules, which do not form energetically stable hydrogen bond network and their electrostatic interactions are weaker in the interior of the nonpolar, extremely nonpolarizable host than in the bulk solution. 32 The water molecules expelled by B + from CB7 reassemble in the bulk leading to substantial enthalpy gain. The energy needed for the desolvation of B + probably has only a minor effect on ∆H because of the hydrophobic character and delocalized charge of this guest. . The latter factor is corroborated by the long fluorescence lifetime of B + in CB7 (τ F =11.6 ns), 25 which is close to that found in the moderately polar CH 2 Cl 2 solvent (τ F =14.3 ns). 23 The τ F value of B + is highly sensitive to the interaction with water. It is about 40 ps in water 24 and 2.0 ns for 1:1 inclusion complex with cucurbit [8] uril (CB8). The much shorter τ F in CB8 compared to CB7
proves that a significant amount of water remains in CB8 after 1:1 complex formation, but most of water molecules are expelled from CB7 upon B + embedment.
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An oval distortion of the opening may promote the access of the interior. The enhanced conformational motions in the reactants at elevated temperature facilitate the attainment of the molecular geometry of the transition state. A large ellipsoidal deformation of CB6 skeleton was reported to takes place even in the ground state when p-xylylenediammonium or phenylenediammonium cations were embedded. 40, 41 Nau and coworkers inferred from the marked decrease of the ingression rate with increasing steric demand of the guest that constrictive binding also applies for CB6. 15, 16 The close to zero activation entropy of B + ingression into CB7 implies that the entropy penalty paid upon the ordering of the reactants into the transition state is offset by the entropy gain upon partial desolvation. The reverse process has a negative activation entropy suggesting that the entropy growth arising from the looser binding in the transition state compared to the inclusion complex only partially compensates the substantial entropy loss originating from the coordination of water.
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